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ABSTRACT 
Coupled heat and water transfer in soil has been long recognized.  The coupled transfer of 
heat and water near the soil surface and the temperature fluctuations and water contents that 
result are important for all biological, chemical, and physical processes that occur near the 
soil surface.  Although advancements have been made in understanding coupled heat and 
water transfer processes in soil, deficiencies in our understanding continue to persist.  The 
lack of soil water retention measurements at the dry end of the soil water retention curve 
(SWRC) limits our ability to accurately predict and simulate water movement at and near the 
soil surface.  Furthermore, most studies neglect the effect of soil wettability and solutes on 
coupled heat and water transfer in soil.  The overall purpose of this work is to improve our 
understanding of the effects of soil wettability and salinity on soil water retention and 
coupled heat and mass transfer in soil.  The following three objectives were designed to 
accomplish this:  (1) Measure soil water sorption including hysteresis at the dry end of the 
SWRC as it relates to soil wettability for two different soils; (2) Determine the effect of soil 
wettability on coupled heat and water transfer in response to thermal gradients; and (3) 
Determine the combined effects of soil wettability and soil salinity on coupled heat and mass 
transfer.  The effect of soil wettability on soil water sorption, including relatively dry soil 
conditions, was measured.  The effect of wettability was most noticeable at the driest end of 
the SWRCs for the silt loam and sand soils that were studied.  Hysteresis was also found to 
exist in both relatively dry wettable and hydrophobic soils.  Wettability and hysteresis should 
be considered when studying dynamics involved in water adsorption and desorption in 
relatively dry soils.  The effect of soil wettability on coupled heat and water transfer in closed, 
instrumented soil columns was studied using wettable and hydrophobic soils.  Soil moisture 
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redistribution in response to the imposed temperature gradients was similar in the wettable 
sand and hydrophobic sand.  Results indicated soil moisture redistribution under non-
isothermal conditions was reduced in the hydrophobic silt loam when compared to the 
wettable silt loam. One week after the temperature gradients were imposed, net water transfer 
was reduced by 48% in the hydrophobic silt loam when compared to the wettable silt loam.  
After 28 days, net water transfer was reduced by more than 50% in the hydrophobic silt loam 
when compared to the wettable silt loam.  These results indicated water vapor transfer was 
reduced in the hydrophobic silt loam when compared to the wettable silt loam.  The 
combined effects of soil wettability and soil salinity on coupled heat and mass transfer were 
examined using two salinized wettable soils, sand and silt loam, and their salinized 
hydrophobic sand and silt loam counterparts. These experiments were conducted using 
closed, insulated, soil cells instrumented with thermo-time domain reflectometry probes (T-
TDR) to provide in-situ measurements of temperature, soil volumetric water content (θ), and 
soil thermal conductivity (λ).  Results showed that soil temperature and soil thermal 
conductivity distributions were influenced by soil moisture redistribution in response to the 
imposed temperature gradients.  Soil volumetric water content distributions indicated water 
moved from the warm regions to the cold regions of the soil columns. Considerable salt 
accumulation occurred near the warm end of the wettable sand soil cell.  This indicated liquid 
water flow occurred in the wettable sand.  Minimal salt accumulation occurred near the warm 
end of the hydrophobic sand, wettable silt loam, and hydrophobic silt loam soil cells.   Soil 
moisture redistribution in response to the imposed temperature gradients occurred as liquid 
water flow and water vapor flow in the wettable sand.  Water vapor flow was the primary 
mechanism by which soil moisture redistribution occurred in the hydrophobic sand, wettable 
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silt loam, and hydrophobic silt loam.  The results of these experiments demonstrate the 
effects of soil wettability and soil salinity on soil water retention and coupled heat and water 
transfer in soil. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Coupled heat and water transfer in soil has been long recognized.  Diurnal 
fluctuations in net radiation and air temperature are responsible for coupled heat and water 
transfer.  During the night the soil surface cools, which results in a thermal gradient that 
transfers heat to the surface from the warm subsoil.  A drop in the temperature below the 
dew-point temperature can cause water vapor to condense at the soil surface, which liberates 
more heat.  Water also moves upward from the subsoil to re-wet the soil near the surface that 
dried the previous day.  Thermal gradients are reversed in the morning as solar radiation 
warms the soil surface.  Liquid water near the soil surface vaporizes and is transported into 
the atmosphere while taking large quantities of heat with it.  Water vapor is driven by the 
thermal gradient from the soil surface simultaneously with evaporation from the warmer soil 
above.  This dynamic and intricate cycle of coupled heat and water transfer begins again as 
the sun goes down. 
Knowledge of coupled heat and water transfer in soil is critical to our understanding 
of how various ecosystems and the near-surface soil environment are impacted by climate 
change.  The coupled transfer of heat and water near the soil surface and the temperature 
fluctuations and water contents that are produced are important for all biological, chemical, 
and physical processes that occur near the soil surface. Soil thermal and moisture regimes 
influence greenhouse gas production directly through their effect on soil microbial activity 
(Smith et al., 2003).  Seed germination and plant growth are also influenced by soil 
temperature and soil moisture.   The coupled movement of heat and water in both the liquid 
and gaseous phases affects contaminant transport and volatilization (Nassar and Horton, 
1999; Grifoll et al., 2005; Cohen and Ryan, 1989).  In soil, many hydraulic properties, such 
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as the infiltration rate and hydraulic conductivity, vary with soil temperature and soil 
moisture. Unsaturated, near surface soil conditions influence the exchange of mass and 
energy between the ground and atmosphere.  The simultaneous movement of soil heat, water 
vapor, and liquid water controls processes such as evaporation that occur near the soil surface 
(Bittelli et al., 2008).  
Due to its influence on a number of biological, chemical, and physical processes in 
soil, the coupled transfer of heat and water in unsaturated soil near the soil surface has been 
studied extensively.   Diffusion based theory to describe coupled heat and water transfer in 
wettable soil was developed by Philip and deVries (1957).  This diffusion based theory of 
Philip and de Vries has been modified by other researchers to provide a more accurate 
quantification of coupled heat and water transfer in soil.  In separate efforts, Sophocleous 
(1979) and Milly (1982) recast the theory of Philip and deVries (1957) in terms of matric 
potential to account for hysteresis and the coupling of matric potential and temperature.   
Nassar and Horton (1989 a,b; 1992 a,b; 1997 a,b) presented theory and measurements 
describing the simultaneous transfer of heat, water, and solute in wettable soil in terms of 
matric potential, temperature, and osmotic potential gradients.  In the past, our understanding 
of coupled heat and water transfer in soil was hampered due to inadequate measurement 
approaches and the inability to obtain thorough experimental data to improve coupled heat 
and water transfer theory.  Laboratory based experiments on coupled heat and water transfer 
in soil were limited by the inability to maintain one-dimensional conditions during 
experiments, which often restricted analysis of the obtained data.  Furthermore, destructive 
sampling for measurement of soil volumetric water content often made collection of transient 
soil volumetric water content data impossible.  These limitations were recently overcome by 
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Heitman et al. (2007), which resulted in the development of a closed soil column 
instrumented with thermo-time domain reflectometry probes.   The closed soil column 
provided one-dimensional temperature conditions.  The thermo-time domain reflectometry 
probes provided direct observations of temperature, water content, and soil thermal 
conductivity distributions under transient conditions.  The measured transient soil 
temperature and soil volumetric water content distributions were compared to coupled heat 
and water transfer theory based predictions of soil temperature and volumetric water content.   
Theory was calibrated through adjustment of the saturated hydraulic conductivity and the 
thermal vapor enhancement factor using data from a single boundary condition.  This was 
instrumental in accurately describing observations of heat and water redistribution for 
gradual changes in boundary temperature conditions. 
Although there have been significant improvements regarding the quantification, 
measurement, and theory associated with coupled heat and water transfer processes in 
unsaturated soil, deficiencies in our understanding continue to persist.  In unsaturated, dry 
soil near the soil surface, the simultaneous movement of soil water vapor and liquid water 
controls heat and mass transfer in processes such as evaporation (Bittelli et al., 2008).  
Models of coupled heat and water transfer require knowledge of the soil water retention 
curve to simulate and predict water movement in unsaturated soil (Silva and Grifoll, 2007).  
The soil water retention curve represents the relationship between soil moisture content and 
its energy status. Soil water retention curve data is normally obtained in the matric potential 
range of 0 to -1.5 MPa. Soil water evaporation can cause dry soil conditions to exist at or 
near the soil surface.  Consequently, this results in extremely low matric potentials that are 
much lower than -1.5 MPa.  Therefore, to appropriately simulate and predict water 
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movement at and near the soil surface, extension of the soil water retention curve to very dry 
conditions is required (Resurreccion et al., 2011).  Researchers have attempted to extend 
classical soil water retention models to the dry end of the SWRC (Fayer and Simmons, 1995; 
Khlosi et al., 2006).   However, efforts to measure the dry end of the SWRC have been 
hampered by the limited ranges of standard equipment and time constraints.    Furthermore, 
models of coupled heat and water transfer fail to account for hysteresis when simulating and 
predicting water movement. 
In soil at or near the soil surface, soil water contents are often low.  Alternating 
periods of wetting and drying can have noticeable effects on soil water retention, resulting in 
hysteresis of the SWRC. Previous studies of soil water hysteresis have typically been limited 
to the wet end of the SWRC, in the matric potential range of 0 to −1.5 MPa. To account for 
hysteresis in the SWRC, models only requiring the drying curve from which the main 
wetting curve and all scanning curves can be derived have been developed (Bachmann and 
van der Ploeg, 2002). These models describe hysteresis based solely on the drying curve and 
do not extend to matric potentials less than −1.5 MPa. Hysteresis in the dry end of the SWRC 
has not been studied extensively.  
Although most natural soils contain solutes such as dissolved salts, our understanding 
of the impact these solutes have on coupled heat and water transfer in soil is relatively 
limited.  The presence of solutes further complicates our understanding of coupled heat and 
water transfer in soil.  Researchers have found solute concentrations can affect water 
movement in unsaturated soil under nonisothermal conditions (Nassar and Horton, 1989 a, b; 
Gran et al., 2011).  This is due to the development of solute concentration gradients where 
evaporation occurs.  These solute concentration gradients change the osmotic potential, 
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which cause a reduction in the vapor density gradient and a reduction in water vapor flow.  
The simultaneous transfer of heat, water, and solutes in soil is very complex.  Temperature, 
matric potential, and osmotic potential gradients interact to control liquid and vapor transport 
in soils containing solutes.  Careful measurements are needed to improve our understanding 
of the effect of solutes on coupled heat and water transfer in unsaturated soil.  This is of 
particular importance near the soil surface where soil salinity affects evaporation. 
Another limitation to our understanding of coupled heat and water transfer in soil has 
been the influence of soil wettability.  Unsaturated, near surface soil conditions influence the 
exchange of mass and energy between the ground and atmosphere.    Soil water repellency, a 
widespread phenomenon, has been found to occur in a variety of soils at and near the soil 
surface (Bachmann and van der Ploeg, 2002). Soil water repellency can occur when 
hydrophobic organic compounds coat mineral particle surfaces.  Soils have also been found 
to display water content dependent soil water repellency when drying below a critical 
moisture content level.  The soil tends to behave as a wettable soil when the soil moisture 
content is above this critical level.  There have been many studies that have evaluated the 
effect of soil water repellency on soil water movement.  A number of studies have found that 
soil water evaporation is decreased due to soil water repellency (Bachmann et al., 2001a; 
Shokri et al., 2008; Shokri et al., 2009). Although soil water repellency has been found to 
exist at or near the soil surface where unsaturated soil conditions influence coupled heat and 
water transfer, few studies have focused on the influence of soil water repellency on coupled 
heat and water transfer and soil water retention in relatively dry soil.  Furthermore, current 
theory assumes that the soil is perfectly wettable.  The inability to account for the effect of 
soil water repellency on soil water retention in relative dry soil and on coupled heat and 
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water transfer in soil can be an issue to climate modelers.  There is a need to understand the 
effects of soil wettability on soil water retention and coupled heat and water transfer in 
unsaturated soil.  The overall goal of this work is to improve our understanding of the effect 
of soil wettability and soil salinity on coupled heat and water transfer in soil. 
 
DISSERTATION ORGANIZATION AND OBJECTIVES 
The dissertation is organized in three separate chapters, each presented in a format 
publishable in a scientific journal.  The overall objective of this work is to improve our 
understanding of the effect of soil wettability on soil water retention and coupled heat, water, 
and solute transfer in unsaturated soil. 
Chapter one provides a general introduction. Chapter two represents the first study, in 
which the objective was to measure soil water sorption including hysteresis at the dry end of 
the SWRC as it relates to soil wettability for two different soils. Two wettabilities were 
measured for each soil. These were the first measurements of hysteresis in relatively dry, 
hydrophobic soils, and a paper was published in the Soil Science Society of America Journal.  
Chapter three represents the second study.  The objective of this study was to determine the 
effect of soil wettbility on coupled heat and water transfer in response to thermal gradients.  
This study used new techniques to measure soil temperature, soil volumetric water content, 
and soil thermal properties in situ to provide a further understanding of the effect soil 
wettability on coupled heat and water transfer in soil.  Chapter 4 represents the third study, in 
which the objective was to understand the combined effect of soil wettability and salinity on 
coupled heat and mass transfer in soil.  Chapter five of this dissertation provides general 
conclusions of the research and ideas for future research. 
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CHAPTER 2.  WETTABILITY AND HYSTERESIS EFFECTS ON WATER 
SORPTION IN RELATIVELY DRY SOIL 
A paper published in the Soil Science Society of America Journal 
 
D.D. Davis1,2, R. Horton2, J.L. Heitman2, and T. Ren2 
 
ABSTRACT 
The soil water retention curve (SWRC) is a key tool for understanding the 
fundamental relationship between soil moisture content and its associated energy. The 
objective of this study was to measure soil water retention including hysteresis at the dry end 
of the SWRC and to examine the effect of wettability on the SWRCs of two wettable soils 
and their hydrophobized counterparts. The method used to measure the SWRCs was vapor 
equilibration over salt solutions of known osmotic potentials. Free water in the form of 
individual droplets was found to be present at the surface of the unwashed hydrophobic soils 
due to decreases in the osmotic potential during the hydrophobizing process. Water droplets 
did not form on the hydrophilic and washed hydrophobic soils. Soil wettability was found to 
affect soil water retention in relatively dry soil. The hydrophilic soils used in this study 
exhibited significant hysteresis in the water potential range of −2.3 to −19.2 MPa. Soil 
wettability and hysteresis should be considered when studying water sorption and desorption 
in relatively dry soil. 
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INTRODUCTION 
The relationship between soil moisture content and its energy status is represented by 
the SWRC. The SWRC is a useful tool for characterizing many basic soil hydrologic 
relationships. Previous studies have focused on the wet end of the SWRC where capillary 
forces are the major factors determining the amount of water retained (Tuller and Or, 2005). 
Little attention has been given to the dry end of the SWRC, however, where surface 
adsorption and water movement in the vapor phase are the critical components in 
determining the amount of water retained (Briggs, 1897; Lebedeff, 1927; Jackson, 1964 
a,b,c; Prunty and Bell, 2007). Some researchers have taken an interest in the dry end of the 
SWRC by making efforts to extend classical soil water retention models to data measured at 
the dry end (Fayer and Simmons, 1995; Tuller and Or, 2005), yet efforts to measure the dry 
end of the SWRC have been hampered by the limited ranges of standard equipment and time 
constraints. Furthermore, hysteresis in the dry end of the SWRC has not been studied 
extensively. 
Hysteresis, a phenomenon that naturally occurs due to alternating periods of wetting 
and drying, can have noticeable effects on soil water retention. Studies of soil water 
hysteresis have typically been limited to the wet end of the SWRC, in the matric potential 
range of 0 to −1.5 MPa. Researchers have developed models that only require the drying 
curve, from which the main wetting curve and all scanning curves can be derived (Bachmann 
and van der Ploeg, 2002). These models describe hysteresis based solely on the drying curve 
and do not extend to matric potentials less than −1.5 MPa. Most studies of water in relatively 
dry soils have focused on the hysteresis observed in soil hydraulic properties (conductivity 
and diffusivity) that depend on water content (Jackson, 1964 a,b,c). Globus and Neusypina 
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(2006) developed a procedure to study soil water hysteresis using a dew-point hygrometer 
and a Peltier psychrometer. They found hysteresis to occur in the water potential range of 
−0.2 to −7.0 MPa zone where hysteresis had not previously been studied. Prunty and Bell 
(2007) reported that two fine-textured soils exhibited hysteresis when equilibrated over NaCl 
salt solutions with a water potential range of −6.6 to −18.8 MPa at 25°C. No measurements 
to date have been performed examining hysteresis in relatively dry hydrophobic soil, 
however. 
Intuitively, soil wettability should be important to water retention, particularly at 
water potentials near the dry end of the water retention curve where surface sorption is the 
dominant mechanism. Soil water repellency is a widespread phenomenon that can occur due 
to the presence of long-chain humic substances on the surface of soil particles (Roy and 
McGill, 2000; Bachmann et al., 2001b). These compounds include waxy substances from 
leaves, soil fauna, fungi, microbes, and decomposing organic matter. Research has also 
shown that regular irrigation applications of treated sewage effluent can lead to soil water 
repellency (Wallach et al., 2005). Coating only a fraction of particles can cause the onset of 
soil water repellency (Steenhuis et al., 2005). 
Many hydrologic implications, most noticeably the movement of water in the soil 
matrix, occur because of soil water repellency. The restriction of water infiltration into a 
water-repellent soil increases surface ponding and ultimately leads to an increase in runoff. 
Soil water repellency has also been found to increase preferential flow (Raats, 1973). The 
infiltration of water due to preferential flow along selected pathways can lead to large spatial 
variations in the soil water content of water-repellent soils (Ritsema and Dekker, 1994). 
Water repellency has been found to decrease soil water evaporation. Bachmann et al. (2001a) 
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measured isothermal and nonisothermal evaporation from hydrophobic and wettable soils 
and found that the evaporation of the hydrophobic soil was about 75 and 50% of the 
evaporation from the wettable soil under isothermal and nonisothermal conditions, 
respectively. They attributed this reduction of water vapor transfer in the hydrophobic soil to 
the lack of liquid water films compared with wettable soil particles. While water movement 
in water-repellent soils has been studied extensively, only a few researchers (Bachmann and 
van der Ploeg, 2002; Naasz et al., 2007) have given attention to the effect of soil water 
repellency on soil water retention. 
The objective of this study is to measure soil water sorption including hysteresis at 
the dry end of the SWRC as it relates to soil wettability for two different soils. Two 
wettabilities were measured for each soil. 
 
MATERIALS AND METHODS 
The soils used were Hanlon sand (a coarse-loamy, mixed, superactive, mesic Cumulic 
Hapludoll) and Ida silt loam (a fine-silty, mixed, superactive, calcareous, mesic Typic 
Udorthent) (Table 1). Subsurface Hanlon sand was collected near Ames, IA, and the Ida silt 
loam was collected from the surface horizon near Treynor, IA. Samples were air dried, 
ground, and passed through a 2-mm sieve before the experiments. Particle size analysis and 
organic matter content were determined by the pipette method (Soil Survey Staff, 1972) and 
combustion, respectively (Table 1). The Hanlon sand and Ida silt loam soils will be referred 
to simply as sand (washed and hydrophobic) and silt loam (washed and hydrophobic), 
respectively. 
14 
 
Each soil was used to provide two conditions: (i) wettable and (ii) hydrophobic. The 
hydrophobic treatments were prepared by coating wettable soil grains with 
dichlorodimethylsilane (DCDMS, C2H6Cl2Si) to achieve a hydrophobic soil with the same 
texture as its hydrophilic counterpart (Bachmann et al., 2001b). Neither soil was hydrophobic 
before treatment with DCDMS. The Wilhelmy plate method was used to measure the contact 
angles of the soils (Bachmann et al., 2003). Four different amounts of DCDMS were added 
to the air-dried soils to determine when no further increases in the contact angle of the 
hydrophobic soils could be measured. Based on the results, 17 and 48 mL kg−1 of DCDMS 
were added to the Hanlon sand and Ida silt loam, respectively. Contact angles of 
hydrophobized samples were approximately 130°, while contact angles of the wettable 
samples were <20°. It must be noted that the treatment of soil with DCDMS to achieve a 
hydrophobic soil sample is not a substitute for long-chain humic substances found on the 
surface of soil particles that cause soil water repellency under natural conditions. The 
DCDMS does, however, allow the study of controlled wettability effects on soil water 
retention and hysteresis in relatively dry soils (less than −1.5 MPa) under laboratory 
conditions (Ju et al., 2008). 
After the initial measurements, it was determined that the hydrophobizing procedure 
influenced vapor equilibration through both wettability and osmotic effects (discussed below). 
Polydimethylsiloxane and HCl are produced during the hydrophobizing process. The charge 
distribution on the surface of the soil particles can be influenced by HCl. When dissolved in 
water, HCl can separate, producing H+ and resulting in a decrease in the soil pH. The HCl 
can react with soil minerals, causing mineral dissolution and an increase in the soil solution 
concentration and the soil electrical conductivity (Ju et al., 2008; Goebel et al., 2007). 
15 
 
Therefore the hydrophobized soil was rinsed with distilled water at a 1:1 ratio. The rinsing 
procedure was continued until the electrical conductivity of the saturation extract was similar 
to that of the corresponding nonhydrophobized soil samples (Table 2). 
Soil water retention curves were measured by the vapor equilibration method in a 
constant-temperature room (Scanlon et al., 2002). Wetting curves were measured by allowing 
the air-dry soil to wet in desiccators by equilibrating with vapor above different salt (NaCl) 
solutions of known osmotic potentials. Eight salt solutions with potentials ranging from −2.3 
to −19.2 MPa were used for obtaining the wetting curve. Osmotic potentials of the solutions 
were obtained from Robinson and Stokes (1959) and confirmed by the use of a WP-4 
DewPoint Potentiometer (Decagon Co., Pullman, WA). The calibration of the WP-4 
DewPoint Potentiometer was checked using the factory-provided KCl standard solution 
before each use. The accuracy of the calibration was then verified by measuring the osmotic 
potentials of the equilibrating solutions. The measured osmotic potentials of the equilibrating 
solutions were the same as those (r2 = 0.99) obtained from Robinson and Stokes (1959) (Fig. 
1). Three replications of the four soil treatments were used at each osmotic potential. The 
time to equilibration was determined by periodically weighing the soil samples until a 
constant weight had been reached. This step required removing the soil samples from the 
desiccators and covering them to prevent evaporation of the soil moisture. The amount of 
time required to perform this task was typically a few seconds. After weighing, the soil 
samples were returned to the desiccators. Once equilibration had been reached, the soil 
samples were oven dried for 24 h at 105°C to obtain the gravimetric water content. To obtain 
the drying curves, water (0.17 kg kg−1) was added to initially dry soil samples. The samples 
were then allowed to dry by equilibrating with vapor above salt solutions of known osmotic 
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potentials (the same as those used in obtaining the wetting curve). The remaining steps of the 
procedure were the same as those described above for obtaining the wetting curves. 
A two-way analysis of variance (df = 47) using the general linear model procedure in 
SAS was used to determine significant differences between the means of the drying and 
wetting curves (hysteresis) of the treatments for the sand and silt loam soils (SAS Institute, 
2004). The same procedure was also used when the drying and wetting curves of the various 
treatments for the different soils were compared with each other (e.g., hydrophobic vs. 
wettable) to determine the effect of wettability on soil water retention. The roles of hysteresis 
and wettability were evaluated separately for the sand and silt loam soil treatments. The 
Tukey test was used to determine the difference between means. Differences were considered 
significant for α < 0.05. 
 
RESULTS AND DISCUSSION 
Unwashed Hydrophobic Treatment 
The production of HCl during the hydrophobizing process was found to have a 
significant effect on soil water retention when the hydrophobic soil samples were not rinsed. 
Large masses of water were associated with the unwashed hydrophobic silt loam and sand 
soils when the water retention curves were obtained by the vapor equilibration method. This 
was a result of the presence of free water in the form of individual droplets at the surface of 
the soil samples (Fig. 2). Free water was also present at the surface of the soil samples during 
the measurement of the wetting curve. The individual droplets, however, were present to a 
lesser degree than those observed during the measurement of the drying curve. The 
accumulation of these water droplets on the surface of the unwashed hydrophobic soils 
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increased the mass of the samples, therefore affecting the final water contents. The greatest 
mass of water associated with the unwashed hydrophobic soils occurred at −2.3 MPa for the 
silt loam soil. The presence of water droplets at the surface of the unwashed hydrophobic soil 
samples indicated that the sum of the matric and osmotic potentials of these samples was less 
than the osmotic potential of the salt solution used for the vapor equilibration method. Due to 
the hydrophobicity of the unwashed hydrophobic samples, however, the water droplets did 
not infiltrate into the soil samples and instead remained as free liquid at the surface of the 
samples. The effect of the DCDMS application on soil properties has also been studied by Ju 
et al. (2008). They found that DCDMS application to obtain a hydrophobic soil decreased the 
soil thermal conductivity and increased the bulk electrical conductivity of the soil due to salt 
dissolution from the solid particle surfaces of the soil (Ju et al., 2008). Because water 
contents for the unwashed hydrophobic treatment reflect free liquid rather than water retained 
in the soil, this treatment is not included in the following analyses. Only results for the 
washed hydrophobic and wettable soil samples are presented. 
Wettability 
For analysis of wettability, we compare the individual drying and wetting branches of 
the SWRCs for wettable sand and silt loam treatments to those of their counterpart, the 
washed hydrophobic treatments. Figure 3 shows the SWRCs for the washed hydrophobic and 
wettable sand treatments. Wettability was observed to have an effect on soil water retention 
for the drying curve across the range of measurement (0.019–0.007 kg kg−1). Naasz et al. 
(2007) found that the water retention properties of organic growing media were influenced 
by hydrophobicity; however, their measurements only considered water potentials from 
−0.0003 to −0.316 MPa. There were significant differences (at the 0.05 level) between the 
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mean water contents of the drying curves of the washed hydrophobic and wettable sand. 
These differences were found to occur when the least significant difference between the 
mean water contents of the three replications at a specific water potential was >0.002 kg kg−1. 
The effect of wettability on the soil water retention was most noticeable at the driest end of 
the SWRC during the drying process. The greatest differences in water content between the 
two sand treatments occurred at the three lowest water potentials. As the water content 
decreases, adhesion rather than cohesion becomes a dominant factor. Further decreases in the 
soil water content causes water molecules to be influenced by the adsorptive force field of 
the soil surface. Thus, more energy is required to cause a molecule of water to leave the 
liquid phase and enter the vapor phase (Baver, 1956). 
Wettability also had an impact on soil water retention during the wetting process for 
the sand treatments. Significant differences were measured between the mean water contents 
of the wetting curves of the washed hydrophobic and wettable sand treatments at every 
measured water potential (Fig. 3). The range of water contents for the wetting curves of the 
two sand treatments was smaller relative to those of the drying curves. 
The effect of wettability on the soil water retention was noticeable for the wettable 
and washed hydrophobic silt loam treatments. Water contents ranging from 0.11 to 0.05 and 
0.08 to 0.05 kg kg−1 for the drying curves of the washed hydrophobic and wettable silt loam 
treatments, respectively, are shown in Fig. 3. As with the drying curves for the sand 
treatments, significant differences (at the 0.05 level) between the mean water content of the 
drying curves of the wettable and washed hydrophobic silt loam treatments were found to 
occur in the water potential range of −11.9 to −19.2 MPa. The greatest difference in the mean 
water contents between the drying curves of the two silt loam treatments was at a water 
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potential of −2.3 MPa. The same trend occurred with the silt loam treatments as with the sand, 
where the range of water contents associated with wetting curves were less than those of the 
drying curves for the washed hydrophobic and wettable silt loam treatments. 
Hysteresis 
Soil water hysteresis was present in the measured SWRCs of all the treatments used 
in this study; however, it was most pronounced in the SWRCs of the wettable sand and 
wettable silt loam soils. Hysteresis is clearly visible (Fig. 3) between the drying and wetting 
curves of the wettable sand at all matric potentials measured by the vapor equilibration 
method. The largest difference in wetting and drying curves (i.e.,hysteresis) for the wettable 
silt loam was 0.03 kg kg−1 at −2.3 MPa. Hysteresis is also apparent in the water potential 
range of −11.8 to −19.2 MPa and was statistically significant at all but two of the measured 
potentials. For the hydrophobic sand, a significant difference in water content was only 
present at a water potential of −2.3 MPa. Hysteresis was also found to exist between the 
SWRCs of the hydrophobic silt loam, most noticeably at the three largest water potentials 
used in this study. Table 3 shows the difference in water content between the wetting and 
drying curves for the treatments used in this study. The presence of hysteresis in the SWRCs 
of the wettable and hydrophobic treatments has been attributed to the difference in energy 
associated with adsorption and desorption at a certain water potential.  Prunty and Bell 
(2007) stated that hysteresis is the result of multiple quasi-stable water contents that exist at 
the same water potential. These findings agree with measurements made by other researchers 
who have also studied hysteresis in relatively dry, wettable soil (Globus and Neusypina, 
2006; Prunty and Bell, 2007). These are the first measurements of hysteresis in relatively dry, 
hydrophobic soils. 
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CONCLUSIONS 
This study measured soil water sorption including hysteresis in relatively dry soils as 
affected by wettability. Free water in the form of individual water droplets was present at the 
surface of the unwashed hydrophobic soil samples. This indicated that not only does 
wettability influence water retention but also osmotic potential becomes a critical factor if 
steps are not taken to reduce the osmotic potential after the hydrophobizing process. After 
removing the osmotic effects, wettability was found to affect soil water retention at potentials 
ranging from −2 to −20 MPa. The effect of wettability was most noticeable at the driest end 
of the SWRCs for the silt loam and sand soils used in this study. Hysteresis was also found to 
exist in both relatively dry wettable and hydrophobic soils; however, it was most pronounced 
in the wettable soils. Wettability and hysteresis should be considered when studying the 
dynamics involved in water adsorption and desorption in relatively dry soils. Processes such 
as the surface adsorption of water and water movement in the vapor phase under isothermal 
and nonisothermal conditions are affected by soil wettability and hysteresis. 
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Table 1.  Particle size analysis and organic matter content of the sand and silt loam soils. 
                       Textural fractions  
Soil 
 material 
Sand  
>50 µm 
Coarse silt 
50-20 µm 
Fine Silt 
20-2 µm 
Clay 
<2 µm 
Organic 
matter 
 -------------------------------------%-------------------------------------------------- 
Sand 91.7 5.0 2.2 1.1 0.6 
Silt Loam 2.2 42.9 30.0 24.9 4.4 
 
 
 
Table 2.  Electrical conductivity of the saturation extracts of the hydrophobic and hydrophilic 
treatments for the sand and silt loam soils. 
                    Treatment  
Soil Wettable Washed Hydrophobic 
 
Unwashed Hydrophobic 
  mS cm-1  
Sand 0.137  0.135  5.05  
Silt loam 0.631  0.633  17.3  
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Table 3.  Differences between mean water contents of the drying and wetting curves at each 
water potential for the wettable sand and the wettable silt loam. 
 Treatment  
Water Potential 
 
Wettable sand Hydrophobic 
Sand 
Wettable silt  Hydrophobic Silt  
    - MPa Water Content 
  ------------------------------------------------g g-1---------------------------------------
--------- 
2.3 0.0075***    0.0056*       0.0109***      0.0286*** 
2.7 0.0066***           0.0011     0.0040** 0.0036* 
4.6 0.0061*** 0.0007     0.0042** 0.0036* 
5.5 0.0049*** 0.0013 0.0011           0.0025    
7.5 0.0042***           0.0000 0.0001           0.0012 
11.9 0.0052*** 0.0004      0.0068*** 0.0037* 
15.4 0.0053*** 0.0007      0.0085***           0.0021 
19.2 0.0047*** 0.0013      0.0100***           0.0012 
0011 *, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
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Figure 1.  Regression of osmotic potentials of the various concentrations of NaCl solutions 
measured by the WP-4 DewPoint Potentiometer vs. published osmotic potentials of the 
solutions taken from Robinson and Stokes (1959). 
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Figure 2.  Free liquid in the form of individual droplets on the surface of unwashed, 
hydrophobized silt loam. 
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Figure 3.  Drying and wetting soil water retention curves of the washed hydrophobic and 
wettable silt loam and sand treatments. The water contents are the mean water contents of 
three replications at individual water potentials. The bars represent the standard deviation of 
the three replications. Closed symbols are for the drying curves and the open symbols are for 
wetting curves. 
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CHAPTER 3.  COUPLED HEAT AND WATER TRANSFER IN WETTABLE AND 
NON-WETTABLE SOILS 
A paper to be submitted to the Soil Science Society of America Journal 
 
D.D. Davis1,2, R. Horton2, J.L. Heitman2, and T. Ren2 
 
ABSTRACT 
Coupled heat and water transfer in soil has been long recognized.  Most past studies have 
been performed using wettable soils.  A limited number of studies exist that evaluate the 
effect of soil wettability on coupled heat and water transfer in soil.  The objective of this 
work is to determine the effect of soil wettability on coupled heat and water transfer.  Two 
wettable soils, a wettable silt loam and sand, and their hydrophobic counterparts were 
investigated.  Experiments were conducted using closed, insulated, soil cells instrumented 
with thermo-time domain reflectometry sensors (T-TDR).  The heat-pulse function of the T-
TDR sensor was used to provide in-situ measurements of soil temperature, soil volumetric 
water content (θ), and soil thermal conductivity (λ). A 150 oC m-1 temperature gradient was 
applied to the soil cells for 28 days.  Non-linear temperature distributions were obtained for 
both the wettable and hydrophobic soils, thus indicating non-uniform λ distributions due to 
soil water redistribution under non-isothermal conditions.  In both the wettable and 
hydrophobic soils, λ decreased in the warm regions and increased in the cold regions of the 
soil cells.   Measurements of the Δλ (change in soil thermal conductivity) distributions for the 
soil columns were consistent with the Δθ (change in soil volumetric water content) 
distributions.  Steady-state Δθ distributions showed similar soil moisture redistribution in the 
30 
 
wettable and hydrophobic sand soils.  In the hydrophobic silt loam, net water transfer was 
reduced by 56% when compared to the wettable silt loam. This indicates that water vapor 
transfer was reduced in the hydrophobic silt loam, because liquid water connections were 
expected to be greater in the wettable soil than in the hydrophobic soil.   Additional research 
is needed to fully understand the relative roles of liquid water and water vapor transport in 
soil moisture redistribution in hydrophobic soils under non-isothermal conditions.   
 
INTRODUCTION 
Unsaturated, near surface soil conditions influence the exchange of mass and energy 
between the ground and atmosphere.  The simultaneous movement of soil heat, water vapor, 
and liquid water controls processes such as evaporation that occur near the soil surface 
(Bittelli et al., 2008). The temperature fluctuations and water contents that result from the 
coupled transfer of heat and water in soil are important for all physical, biological, and 
chemical processes that occur near the soil surface. The coupled movement of heat and water 
is important for near surface chemical, biological, and physical processes that include 
pesticide volatilization, microbiological activity, seed germination, and soil salinization 
(Gran et al., 2011).   
Soil heat and water transfer in unsaturated soil near the soil surface has been long 
recognized as being coupled. Therefore, many authors have devoted a significant amount of 
time and resources to studying coupled heat and water transfer in soil.  Philip and de Vries 
(1957) developed a diffusion based theory to describe coupled heat and water transfer in 
wettable soil. This theory was later recast in terms of matric potential to account for 
hysteresis and the coupling of matric potential and temperature (Sophocleous, 1979; Milly, 
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1982).   Theory and measurements describing the simultaneous transfer of heat, water, and 
solute in wettable soil in terms of temperature, matric potential, and osmotic potential were 
presented by Nassar and Horton (1989 a, b; 1992 a, b; 1997 a, b).  More recently, Heitman et 
al. (2007) developed an improved method to study coupled heat and water transfer in soil that 
provided one-dimensional conditions with direct observations of soil temperature, soil 
volumetric water content (θ), and soil thermal conductivity (λ) distributions under transient 
conditions.  The method was used in a study to calibrate and test calculations of coupled heat 
and water transfer using Philip and de Vries theory (Heitman et al., 2008). Calculations of 
coupled heat and water transfer were calibrated using data from a single boundary condition.  
Data from sequentially applied boundary conditions were used to validate the calibration.  
Theory calibrated through adjustment of the saturated hydraulic conductivity and the thermal 
vapor enhancement factor using data from a single boundary condition was found to describe 
observations of heat and water redistribution well for gradual changes in boundary 
temperature conditions.   Smits et al. (2010) measured soil thermal properties under drying 
and wetting conditions to provide an improved understanding of the effect of θ, porosity, and 
mean grain size on λ.  In addition, efforts have been made to improve our ability to 
numerically model the complex process of coupled heat and water transfer in soil (Deb et al., 
2011; Saito et al., 2006).  Although there have been significant improvements regarding 
coupled heat and water transfer theory and measurement methods, only a few studies (Globus, 
1960; Bachmann et al., 2001 a) have considered the effect of soil wettability on coupled heat 
and water transfer in soil.   
Soil water repellency, a widespread phenomenon, has been found to occur in a variety 
of soils (Bachmann and van der Ploeg, 2002). Soil water repellency can happen when 
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hydrophobic organic compounds coat mineral particle surfaces.  Soils have also been found 
to display water content dependent soil water repellency when drying below a critical 
moisture content level.  The soil tends to behave as a wettable soil when the soil moisture 
content is above this critical level.  The change between wettable and water repellent soil can 
be attributed to molecular changes of hydrophobic organic compounds such as waxes, 
alkanes, and fatty acids and their salts and esters (Bachmann et al., 2001a; Morley et al., 
2005).   
The coating of soil mineral surfaces with hydrophobic organic compounds and water 
content dependent soil water repellency influences the movement of water in the soil matrix 
and other soil properties. Soil water repellency retards the infiltration of water into the soil.  
This, in turn, enhances overland flow and surface runoff (Shakesby et al., 2000).  Increased 
preferential flow has also been observed due to soil water repellency (Ritsema and Dekker, 
1994).  Recently, Davis et al. (2009) found that soil wettability affected soil water retention 
in relatively dry soil and noted that wettability should be considered when studying water 
movement in the vapor phase under nonisothermal conditions. Bachmann et al. (2001b) 
found that λ decreased with increasing soil water repellency.  The effect of soil wettability on 
soil water retention in dry soil and soil thermal properties can affect processes such as soil 
water evaporation.  Soil water repellency has been found to suppress soil water evaporation.  
Shokri et al. (2008) noted that the introduction of hydrophobic sand layers resulted in a 
significant reduction in cumulative evaporation from hydrophilic sand soils.  In a separate 
study, Shokri et al. (2009) found that evaporation was suppressed in partially wettable porous 
media when compared to hydrophilic porous media. The reduction in cumulative evaporation 
was attributed to the interruption of capillary flow by the hydrophobic layers.  In controlled 
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laboratory studies, Bachmann et al. (2001a) observed that soil water repellency decreased 
evaporation rates by as much as 25 and 50% under isothermal and nonisothermal conditions, 
respectively.  Although soil wettability has been found to affect soil properties that are 
important for coupled heat and water transfer in soil, studies on the effect of soil wettability 
on coupled heat and water transfer in soil are limited. There is a need to perform additional 
studies to gain a further understanding of the effect of soil wettability on coupled heat and 
water transfer. 
Given the importance of soil water repellency and its effect on near surface soil 
physical properties, the objective of this study was to determine the effect of soil wettability 
on coupled heat and water transfer in response to thermal gradients.  In both wettable and 
hydrophobic closed, nonisothermal soil columns, moisture evaporates from the warm region 
of the soil columns and water vapor diffuses to the cold region where it can subsequently 
condense.  Due to the large latent heat of vaporization for water, a significant amount of heat 
transfer is associated with water vapor movement.  Non-uniform soil moisture distributions 
develop in the systems as moisture evaporates from the warm region and condenses in the 
cold region of the columns.  The non-uniform distributions of soil moisture create a matric 
potential gradient in opposite direction to the vapor density gradient.  The water potential 
gradient causes liquid water to readily move from the cold region to the warm region in the 
wettable soil column.  However, in the hydrophobic soil column, liquid water flow is reduced 
when compared to the wettable soil column.  The decrease in liquid water flow should cause 
soil moisture to accumulate in the cold region of the hydrophobic soil column.  Therefore, 
our hypothesis is that soil water repellency will cause a significant increase of water content 
to occur in the cold region of a soil column in response to thermal gradients, because in non-
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wettable soils, water vapor moving from the warm region to the cold region of soil cannot 
readily return as liquid flow to the warm soil region.  
 
MATERIALS AND METHODS 
Soil Materials 
The soils used in this study, Hanlon sand (coarse-loamy, mixed, superactive, mesic 
Cumulic Hapludoll) and Ida silt loam (fine-silty, mixed, superactive, calcareous, mesic Typic 
Udorthent) were the same as those used by Davis et al. (2009), Heitman et al. (2007), and 
Heitman et al. (2008).  Soils were air-dried and ground to pass through a 2-mm sieve.  The 
pipette method (Soil Survey Staff, 1972) and combustion were used to determine particle size 
analysis and organic matter content, respectively (Table 1).  The Ida silt loam and Hanlon 
sand were used in both the untreated and treated states to provide paired wettable and 
hydrophobic conditions for each soil type.  Dichlorodimethylsilane (DCDMS) was applied to 
the naturally wettable soils to achieve hydrophobic conditions (Bachmann et al., 2001b).  The 
Wilhelmy plate method was used to measure the contact angles of the soils (Bachmann et al., 
2003).  Approximately 17 mL kg-1 and 48 mL kg-1 of DCDMS was added to the Hanlon sand 
and Ida silt loam, respectively.  These amounts were determined by sequentially adding four 
different amounts of DCDMS to the air-dried soils.  The DCDMS application rate at which it 
was determined that no further increase in the contact angles could be achieved with 
additional DCMS application was selected for the experiments.  The contact angles of the 
hydrophobic soils were approximately 130o at the respective application rates for each soil 
type. Application of DCDMS to hydrophobize soil increases the soil solution concentration 
and the soil electrical conductivity (Davis et al., 2009; Ju et al., 2008; Goebel et al., 2007).  
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To reduce the soil electrical conductivity, the hydrophobized soils were rinsed with distilled 
water until a solution electrical conductivity similar to that of the non-hydrophobized soil 
was achieved (Table 2).   
For the coupled heat and water transfer experiments, the initial soil volumetric water 
contents (θi) for the silt loam and sand were 0.10 and 0.08 m3 m-3, respectively.  These θi 
were selected to allow comparison of data to data obtained from previous experiments 
(Heitman et al., 2007; 2008) that had similar initial and boundary conditions. Water was 
applied to the soils using a spray bottle and then was gently mixed to ensure uniformly 
wetted hydrophobic and wettable soils.  The wettable and hydrophobic soils were then 
packed into soil cells in 2-cm depth increments to achieve uniform bulk densities (ρb, Mg m-
3) of 1.2 and 1.6 for the silt loam and sand, respectively.  Slight variations in ρb and θi can 
occur between corresponding wettable and hydrophobic soils.  These variations may arise 
from non-uniform wetting of hydrophobic soil particles, thus leading to slight differences in 
ρb and θi.  Variations in ρb between corresponding wettable and hydrophobic soils were also 
noted by Bachmann et al. (2001 b). 
Soil Cells 
The soil cells (Fig. 1) used in this study were developed by Zhou et al. (2006), and 
they were identical to the cells used by Heitman et al. (2007).  These soil cells provided one-
dimensional temperature gradients and reduced ambient temperature interference. Four soil 
cells were used in this study to represent the two conditions (wettable and hydrophobic) for 
the two soil materials (Ida silt loam and Hanlon sand).  The cells were composed of a smaller 
inner column (10 cm length, 8.9 cm inside diameter) that was surrounded by a larger outer 
column (10 cm length, 20.2 cm inside diameter).  The columns were made of 40-schedule 
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polyvinyl chloride pipe.  Both the inner and outer columns of each cell were packed with the 
same soil material, ρb, and θi.  The outer column served as a layer of insulation while the 
inner column served as the control volume on which measurements were made. A layer of 
Reflectix (Reflectix Corp., Markleville, IN) bubble insulation and a layer of fiberglass pipe 
insulation (3.8 cm thickness) were placed around the outer column to help limit ambient 
temperature interference.   
Spiral circulation heat exchangers were positioned at the top and bottom of the soil 
cells to provide one-dimensional temperature boundaries (Zhou et al., 2006).  The heat 
exchangers consisted of a spiral loop configuration for the circulation of fluid and Cu heat 
exchanger plates (0.5 mm thickness) enclosed by Plexiglass.  Circulating water from water 
baths (Programmable Digital Circulator, Model 9512, PolyScience, Niles, IL) was used to 
control the temperature of the heat exchangers.  A one-dimensional temperature boundary 
condition with a mean temperature of 30oC and a temperature gradient of 150oC m-1 (end 
temperatures of 22.5 and 37.5 oC) was imposed on the four soil cells simultaneously.  
Temperature gradients were imposed on the four soil cells for 28 days.   
Soil Water Content and Thermal Property Measurements 
Thermo-time domain reflectometry, T-TDR, sensors were positioned at various 
depths within the inner soil columns.  The heat-pulse function of the thermo-time domain 
reflectometry sensors was used to make temperature measurements and heat-pulse 
measurements (Fig. 1).  The T-TDR sensors were based on the design of Ren et al. (2003) 
and identical to those used by Heitman et al. (2007).  The sensors consisted of three sensor 
needles, a middle needle that contained a resistance heater (resistance = 533 Ω m-1) for the 
heat-pulse method and two outer temperature sensing needles.  All needles were positioned 
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parallel in an epoxy body.  The outer needles contained 40-gauge Type E (chromel-
constantan) thermocouples to measure temperature.  The apparent distance between the 
middle needle containing the resistance heater and the two outer temperature sensing needles 
was determined by calibrating the sensors in agar stabilized water (6 g L-1) (Ochsner et al., 
2003). 
Heitman et al. (2007) described the details related to the installation of the T-TDR 
sensors within the inner soil columns.  Sensors were installed on alternate sides of the cells 
by pushing the needles into the soil through ports on the inner columns.  The sensor leads 
were then routed through the outer columns for connection to the data acquisition system. 
Once the sensors were installed in the inner soil columns and routed through the outer 
columns, the outer columns were packed in 2-cm increments to match the ρb of the inner soil 
columns. Heat-pulse measurements were made using the two outer temperature sensing 
needles and a heater-control relay circuit that was connected to the resistance heater of the 
sensor middle needle. The heaters of the T-TDR sensors were multiplexed using an AM416 
multiplexer.  A 100-s sequence with 6-s of background temperature data and 8-s of heating 
(~ 60 W m-1) was used. The thermocouples were connected to a datalogger (Model CR23X, 
Campbell Scientific, Logan, UT) by a multiplexer (AM 16/32, Campbell Scientific, Logan, 
UT).  Temperature measurements were made every 1 h with the thermocouples of the outer 
temperature sensing needles. Heat-pulse measurements were made every 4 h. The HPC code 
of Welch et al. (1996) was used to determine volumetric heat capacity (C, J m-1 oC-1), thermal 
diffusivity (m2 s-1), and λ (W m-1 C-1).  Estimation of θ and Δθ (change in soil volumetric 
water content) was determined by the heat-pulse method based on the Δθ approach of 
Bristow et al. (1993)  
38 
 
                                      ∆𝜃 = (!!!!!)!!                                     [1] 
                                     𝜃 =  𝜃! + ∆𝜃                                    [2] 
where the subscripts Ci, Cj, and Cw  refer to the initial heat-pulse determination of volumetric 
heat capacity, the jth reading taken at a later time, and the volumetric heat capacity of water 
(4.18 MJ m-3 oC-1), respectively. 
The net water transfer from the warm half to the cold half of the soil cells was 
determined using the approach presented by Nassar et al. (1992 c) 
                              𝑞 = ∆𝜃 𝑑𝑥 − ∆𝜃!!/!!!/!! 𝑑𝑥                 [3] 
where q is the amount of water transferred to the cold half of the soil cells, x is the distance 
from the cold end of the soil cells, and θi is the initial soil volumetric water content.  The net 
water transfer results from differences between water vapor and liquid fluxes, which leads to 
water depletion in the warm column half and water accumulation in the cold cell half. 
 
RESULTS AND DISCUSSION 
Temperature Distributions 
The heat exchangers maintained constant temperatures throughout the duration of the 
study (28 days) as indicated by the mean temperatures and standard deviations of the upper 
and lower boundaries (Table 3). 
 Figure 2 shows the transient and steady-state temperature distributions for all of the 
soils for 1, 4, 7, 13, and 28 days after the temperature gradient was imposed.  Quasi steady-
state temperature distributions were generally obtained within five days for the wettable and 
hydrophobic soils.  The temperature distributions for all soils displayed a non-linear decrease 
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in soil temperature from the warm to the cold end of the soil cells.  This is clear from the 
deviation of the soil temperature distributions from a linear temperature distribution (Fig. 2).  
Non-linearity indicates non-uniform λ distributions within the soil cells, which is associated 
with changing θ as water redistributes within the soil cells in response to temperature 
gradients.  Concavity in the temperature distributions is expected when the dependence of λ 
on soil moisture is dominant.  Furthermore, the concave temperature distributions for the 
soils indicate that ambient temperature interference was negligible and one-dimensional 
temperature gradients were maintained. 
 For the wettable sand and hydrophobic sand, concavity extended from 1.5 to 8.5 cm 
from the warm end of the soil cells (Fig. 2b and 2d).  Concavity in the temperature 
distributions of the wettable silt loam and hydrophobic silt loam was most noticeable from 
2.5 to 7.5 cm and 1.5 to 7.5 cm from the warm end of the soil cells, respectively (Fig. 2a and 
2c).  The concavity in the temperature distributions of the wettable and hydrophobic soils 
indicate that soil water content distributions were non-uniform and considerable soil water 
redistribution occurred within the cells in response to the temperature gradients. 
Thermal Conductivity 
  Figure 3 shows the transient and steady-state Δλ (change in soil thermal 
conductivity) distributions.  Δλ distributions are shown for 1, 4, 7, 13, and 28 days after the 
temperature gradient was imposed for all of the soil cells.  Both the wettable and 
hydrophobic soils showed a decrease and an increase in soil λ at the warm and cold ends of 
the soil cells, respectively.  The degree to which λ decreased and increased at the warm and 
cold end of the soil cells differed between the wettable silt loam and hydrophobic silt loam 
soils.  For the wettable silt loam, the steady-state Δλ distribution was constant from the warm 
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end to 5 cm and increased significantly in the cold region of the soil cell (Fig. 3a).  The 
steady-state Δλ at 8.5 cm from the warm end of the wettable silt loam and hydrophobic silt 
loam soil cells was 0.32 and 0.06 W m-1 oC-1, respectively (Fig. 3a and 3c).  Δλ distributions 
obtained for the wettable sand and hydrophobic sand were similar (Fig. 3b and 3d).  In the 
wettable sand, λ decreased by 0.37 W m-1 oC-1 and increased by 0.17 W m-1 oC-1 at 1.5 and 
8.5 cm from the warm end of the soil cells, respectively (Fig. 3b).  The Δλ was 0.46 W m-1 
oC-1 at 1.5 cm from the warm end of the hydrophobic sand soil cell (Fig. 3d).  The variations 
in the Δλ distributions of the wettable and hydrophobic soils are associated with changes in 
soil volumetric water content within the wettable and hydrophobic soil cells. 
Soil Moisture Redistribution and Net Water Transfer 
 Observations of transient and steady-state Δθ (change in soil volumetric water 
content) distributions for all four soil conditions are shown in Fig. 4.  Δθ distributions are 
shown for 1, 4, 7, 13, and 28 (steady-state) days after the temperature gradient was imposed.  
During the first week, significant amounts of water moved from the warm end towards the 
cold end of the wetttable and hydrophobic soil cells.   Soil moisture redistribution began to 
approach a quasi steady-state at the end of one week.  From day 7 to day 28, θ decreased and 
increased by approximately 1% at the warm and cold end of soil cells, respectively.  In Fig. 4, 
it is apparent that more net movement of water occurred in the wettable silt loam than in the 
hydrophobic silt loam.  The net movement of water in the wettable sand was similar to that 
observed in the hydrophobic sand. 
 Net water transfer was determined using the Δθ distributions obtained for the 
different soils.  After one week, net water transfer was reduced by 48% in the hydrophobic 
silt loam when compared to the wettable silt loam.  No difference in net water transfer was 
41 
 
observed after one week in the wettable sand and hydrophobic sand.  At the conclusion of the 
study on day 28 after the temperature gradient was imposed, net water transfer was reduced 
by 56% in the hydrophobic silt loam when compared to the wettable silt loam.   
 We hypothesized that in the hydrophobic soil cells there would be a significant build-
up of water in the cold region of the soil cells.  In both the wettable and hydrophobic soil 
cells, water vapor transfer occurred from the warm to the cold region of the soil cells.  
However, due to soil water repellency, liquid water would not readily move from the cold 
region to the warm region of the hydrophobic soil cells.  In the wettable soils, liquid water 
transfer would occur unimpeded from the cold to the warm region of the wettable soil cells.  
The inability of water to return readily as liquid water from the cold to the warm region of 
the hydrophobic soil cells would cause soil moisture to accumulate in the cold region of the 
hydrophobic soil cells.  The observations in Fig. 4 fail to support our hypothesis regarding 
the effect of soil wettability on soil water redistribution under nonisothermal conditions.  
Although net water transfer was similar in the wettable sand and hydrophobic sand, there was 
not a significant build-up of soil water in the cold region of the hydrophobic sand soil cell 
when compared to the wettabe sand soil cell.  The observations of soil moisture redistribution 
within the hydrophobic silt loam soil indicate that water vapor transfer from the warm to the 
cold region of the soil cell was reduced when compared to the wettable silt loam soil.  These 
results suggest that in hydrophobic soils, soil moisture redistribution under nonisothermal 
conditions may be affected by soil texture.   
 The reduction in water vapor transfer in hydrophobic soils has been reported in other 
studies (Globus, 1960; Bachmann et al., 2001 a).  Globus (1960) found that a layer of 
hydrophobized material placed in the middle of a column of the same non-hydrophobized 
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material reduced the water vapor flux when a temperature gradient was applied.  The 
reduction of the water vapor flux was attributed to the disruption of series-parallel thermal 
moisture transfer by the hydrophobic layer.  Series-parallel thermal moisture transfer refers 
to the condensation of water vapor on one side of a liquid island and an equal amount of 
evaporation from the other side of the liquid island combined with liquid water movement by 
capillary action or in thin films.  In wettable soils, series-parallel thermal moisture transfer 
has been associated with the enhancement of thermal water vapor diffusion (Philip and de 
Vries, 1957; Cass et al., 1984; Lu et al., 2011).  The enhancement of thermal water vapor 
diffusion has been found to decrease significantly with a decrease in the length of the liquid 
island (Webb and Ho, 1998).  Bachmann et al. (2001 b) noted that the average diffusive 
pathway for water vapor may be affected due to increases in hydrophobicity and decreases in 
the amount of water located between the points of contact of the solid phase.  Furthermore, in 
a separate study, Bachmann et al. (2001 a) noted that wettability affected thermal water vapor 
diffusion based on the effect of wettability on nonisothermal evaporation.  They found that 
thermal water vapor diffusion was reduced in hydrophobic soils and enhanced in wettable 
soils.  The thermal water vapor enhancement factor of the wettable soil was 10 times greater 
than the thermal water vapor enhancement factor for the most hydrophobic soil.  The 
reduction of water vapor transfer observed in the hydrophobic silt loam agrees with the  
observed reduction of thermal water vapor diffusion in hydrophobic soils when compared to 
wettable soils as noted by Bachmann et al (2001 a).    
 
 
 
43 
 
CONCLUSIONS 
 We studied the effect of soil wettability on coupled heat and water transfer.  Two 
wettable soils, a silt loam and a sand, and their hydrophobic counterparts were investigated.  
Closed soil cells instrumented with T-TDR sensors were used.  The soil cells consisted of an 
inner soil column surrounded by an outer soil column of the same soil material.  The outer 
soil column served as a buffer to ensure 1-D temperature gradients.  Spiral circulation heat 
exchangers connected to temperature controlled water baths were placed at the upper and 
lower boundaries of the soil cells to provide a 150 oC m-1 temperature gradient.  The heat 
pulse function of T-TDR sensors positioned at various depths within the soil cells were used 
to obtain measurements of soil temperature, λ, and θ.  All soils displayed a non-linear 
decrease in soil temperature from the warm to the cold ends of the soil cells.  Non-linearity in 
the temperature distributions of the wettable and hydrophobic soils indicated the existence of 
non-uniform λ distributions.  In both the wettable and hydrophobic soils, λ decreased and 
increased in the warm and cold regions of the soil cells, respectively.  The change in soil 
thermal conductivity in the warm and cold regions of the wettable and hydrophobic soils was 
attributed to distributions of soil moisture within the soil cells.  Δθ distributions indicated that 
considerable amounts of water moved from the warm end towards the cold end of the 
wettable and hydrophobic soil cells.  Soil moisture redistribution was similar in the wettable 
sand and hydrophobic sand soils.  More net water movement occurred in the wettable silt 
loam than in the hydrophobic silt loam.  Net water transfer was reduced by 56% in the 
hydrophobic silt loam when compared to the wettable silt loam.  The results of this study 
indicated that soil moisture redistribution in hydrophobic soils may be affected by soil 
texture.  Furthermore, the observations of soil moisture redistribution within the hydrophobic 
44 
 
silt loam indicated that water vapor transfer from the warm to the cold regions of the soil 
cells was reduced when compared to the wettable silt loam because liquid water flow was 
expected to be greater in the wettable soils.  Additional research, such as using a salt tracer to 
help separate liquid and water vapor transport, is needed to fully identify and understand the 
mechanisms involved in the redistribution of soil moisture in hydrophobic soils under non-
isothermal conditions. 
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Table 1.  Particle size analysis and organic matter content of the sand and silt loam soils. 
Soil Sand 
 > 50 µm 
Coarse 
silt  
50-20 
µm 
Fine silt 
20-2 µm 
Clay 
<2 µm 
Organic  
matter 
 ------------------------------------%------------------------------
------ 
Silt loam   2.2 42.9 30.0 24.9 4.4 
Sand 91.7   5.0   2.2   1.1 0.6 
 
 
Table 2.  Electrical conductivity of the saturation extracts of the hydrophobic and hydrophilic 
treatments for the sand and silt loam soils. 
                                    Electrical conductivity 
Soil Wettable Washed hydrophobic Unwashed hydrophobic 
 ---------------------------------------------mS cm-1---------------------------------------
------ 
Silt loam 0.631                  0.633 17.3 
Sand 0.137                  0.135 5.05 
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Table 3.  Mean temperatures of the upper and lower boundaries for each soil column for the 
duration of the experiment.  Standard deviations of the mean temperatures are listed in 
parenthesis. 
 Soil 
 
Boundary 
  Wettable  
Silt loam 
Hydrophobic 
Silt loam 
Wettable 
Sand 
Hydrophobic 
Sand 
 -----------------------------------------oC------------------------------------------ 
 
Upper 
boundary 
37.37 (0.03) 37.24 (0.04) 37.50 (0.00) 37.31 (0.04) 
Lower 
boundary 
22.82 (0.03) 22.84 (0.05) 22.89 (0.02) 22.77 (0.02) 
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Fig. 1.  Diagram of closed soil cell. Inside diameter of the inner column and outer column is 
8.9 and 20.2 cm, respectively.  The height of the inner and outer column is 10 cm. 
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Fig. 2.  Transient and steady-state temperature distributions for the four soil columns 
obtained 1, 4, 7, 13, and 28 days after the temperature gradient was applied.  The straight 
lines represent linear temperature distributions. 
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Fig. 3.  Transient and steady-state Δλ distributions for the four soil columns obtained 1, 4, 7, 
13, and 28 days after the temperature gradient was applied. 
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Fig. 4. Transient and steady-state Δθ distributions for the four soil columns obtained 1, 4, 7, 
13, and 28 days after the temperature gradient was applied. 
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CHAPTER 4.  COUPLED HEAT AND MASS TRANSFER IN WETTABLE AND 
NON-WETTABLE SALINIZED SOILS 
 
A paper to be submitted to the Soil Science Society of America Journal 
 
D.D. Davis1,2, R. Horton2, J.L. Heitman2, and T. Ren2 
 
ABSTRACT 
Heat transfer and water movement are coupled in surface soil layers.  Salinity and water 
repellency affect coupled heat and water transfer in soil.  Previous studies have considered 
separately the effects of soil salinity and soil water repellency on coupled heat and water 
transfer.  The objective of this work is to determine the combined effects of soil wettability 
and soil salinity on coupled heat and water transfer in response to a series of temperature 
boundary conditions. Two salinized wettable soils, sand and silt loam, and their salinized 
hydrophobic sand and silt loam counterparts were investigated. Experiments were conducted 
using closed, insulated, soil cells instrumented with thermo-time domain reflectometry 
probes (T-TDR) to provide in-situ measurements of temperature, soil volumetric water 
content (θ), and soil thermal conductivity (λ).  Transient soil bulk electrical conductivity (σb) 
was measured by TDR.  Final TDR σb and gravimetric soil solution electrical conductivity 
were measured.  A multiple regression model was used to estimate transient soil solution 
electrical conductivity from the σb and θ measurements.  Two controlled temperature 
boundary conditions, a 150oC m-1 and a reversed 150oC m-1 temperature gradient, were 
sequentially applied to the soil cells for selected time durations.  The temperature 
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distributions in all of the soils showed a non-linear decrease in temperature from the hot to 
the cold end of the soil columns when temperature gradients were imposed.  The variations in 
the soil temperature distributions obtained during the two temperature boundary conditions 
were attributed to changes in soil thermal conductivity values as soil volumetric water 
content changed due to soil moisture redistribution in response to the imposed temperature 
gradients.  Soil volumetric water content distributions indicated that water moved from the 
warm regions to the cold regions of the soil cells.  Salt content distributions revealed an 
accumulation of salt near the warm end of the wettable sand soil cell when compared to the 
hydrophobic sand and silt loam soil cells.  The accumulation of salt near the warm end of the 
wettable sand soil cell indicated the transport of solutes from the cold end to the warm end of 
the soil cell by liquid water flow.  Liquid water flow and vapor flow contributed to soil 
moisture redistribution under non-isothermal conditions in the wettable sand.  In the silt loam 
soils and the hydrophobic sand soil moisture redistribution due to non-isothermal conditions 
occurred primarily in the vapor phase.  These results show the interaction of thermal and 
water potential gradients in controlling liquid and water vapor transport in salinized soils. 
 
INTRODUCTION 
The simultaneous movement of heat, water vapor, and liquid water in soil has been 
long recognized as being coupled.  In a closed soil system, thermal gradients in soil produce 
vapor density gradients causing water to evaporate from hot locations and be transported to 
cold locations where it eventually condenses.  Non-uniform soil moisture distributions cause 
a decrease in the vapor density gradient and the development of a matric potential gradient in 
opposite direction to the vapor density gradient.  The development of the matric potential 
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gradient causes liquid water to flow from the cold moist locations to the hot dry locations in 
the soil.  This coupled transfer of heat and water in soil controls the exchange of mass and 
energy between the ground and atmosphere and must be considered to accurately quantify 
soil water evaporation. Therefore, coupled heat and water transfer in soil has been the subject 
of much investigation (Philip and de Vries, 1957; Sophocleous, 1979; Milly, 1982; Heitman 
et al., 2007).  One aspect that has received limited study is the effect of soil salinity and its 
impact on coupled heat and water transfer in soil. 
Few researchers have studied the effect of soil salinity and its impact on coupled heat 
and water transfer in soil (Nassar and Horton 1989 a,b; Nassar and Horton, 1997 a, b; Gran et 
al, 2011).  The presence of solutes increases the complexity in understanding coupled heat 
and water transfer in soil due to the development of solute concentration gradients that exist 
where evaporation occurs.  However, the presence of solutes can serve as a tracer for liquid 
water movement.  The solutes help to determine the liquid flux.  The vapor flux can then be 
determined since liquid and vapor fluxes oppose one another in a closed column.  In a closed 
saline soil column, temperature gradients produce vapor density gradients resulting in the 
transport of water vapor from the hot end to the cold end of the column where it condenses.  
Evaporation concentrates the soil solution at the hot end of the column and condensation of 
water vapor at the cold end of the column causes dilution of the soil solution.  As a matric 
potential gradient develops opposite the vapor density gradient, liquid water carries solutes 
with it from the cold end to the hot end of the soil column.  The coupled vapor-liquid fluxes 
create non-uniform distributions of solute concentration, thus affecting the vapor pressure 
and total soil water potential.  Increasing solute concentrations decrease the osmotic potential 
causing a reduction in the vapor density gradient and a reduction in water vapor flow.  The 
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simultaneous transfer of heat, water, and solute mass in soil is very dynamic and complex.  
Temperature, matric potential, and osmotic potential gradients interact to control liquid and 
water vapor transport in saline soils.  Few studies have been performed that evaluate the 
effect of soil salinity on coupled heat and water transfer.  Careful measurements of coupled 
heat and mass transfer in saline soils under controlled conditions are needed to improve our 
current understanding.  This is of particular importance at and near the soil surface, where 
processes such as evaporation affect and are affected by soil salinity. 
Soil water repellency has been observed in a variety of soils (Bachmann and van der 
Ploeg, 2002). Soils at or near the soil surface have also been found to display water content 
dependent water repellency when drying below a critical moisture content level. Soil tends to 
behave as a wettable soil when the soil moisture content is above this critical level.  Soil 
water repellency at or near the soil surface can affect soil water evaporation. Shokri et al. 
(2008) noted that the introduction of hydrophobic sand layers resulted in a significant 
reduction in cumulative evaporation from hydrophilic sand soils.  The reduction in 
cumulative evaporation was attributed to the interruption of capillary flow by the 
hydrophobic layers.  Although soil water repellency often appears in the humic topsoil at and 
near the soil surface where unsaturated conditions influence coupled heat and water transfer, 
its impact on coupled heat and water transfer in soil has received limited study.  In controlled 
laboratory studies, Bachmann et al. (2001a) observed that soil water repellency decreased 
evaporation rates by as much as 25 and 50% under isothermal and nonisothermal conditions, 
respectively.   Bachmann et al. (2001 b) noted that the average diffusive pathway for water 
vapor may be affected due to increases in hydrophobicity and decreases in the amount of 
water located between the points of contact of the solid phase.  Globus (1960) found a 
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reduction in the water vapor flux when a layer of hydrophobized material was placed in the 
middle of a column of the same non-hydrophobized material and a temperature gradient was 
applied.  The reduction of the water vapor flux was attributed to the disruption of series-
parallel thermal moisture transfer by the hydrophobic layer.  In a previous study it was found 
that soil hydrophobicity reduced water vapor transfer by more than 50% in a silt loam soil 
under nonisothermal conditions when compared to a corresponding wettable silt loam soil 
(Davis et al., 2012).  The effects of soil salinity and wettability on coupled heat and water 
transfer in soil have not been studied extensively.  Earlier studies have considered separately 
the effects of soil salinity and wettability on coupled heat and water transfer.  Therefore, the 
objective of this study is to determine the combined effects of soil salinity and soil 
wettability on coupled heat and mass transfer under a series of temperature boundary 
conditions. 
 
MATERIALS AND METHODS 
Soil Materials 
The soils used in this study, Hanlon sand (coarse-loamy, mixed, superactive, mesic 
Cumulic Hapludoll) and Ida silt loam (fine-silty, mixed, superactive, calcareous, mesic Typic 
Udorthent) were the same as those used by Davis et al. (2009).  Soils were air-dried and 
ground to pass through a 2-mm sieve.  The pipette method (Soil Survey Staff, 1972) and 
combustion were used to determine particle size fractions and organic matter content, 
respectively.  The Ida silt loam and Hanlon sand were used to provide a wettable condition 
and a hydrophobic condition.  Dichlorodimethylsilane (DCDMS) was applied to the naturally 
wettable soils to achieve hydrophobic soils with the same texture as their hydrophilic 
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counterparts (Bachmann et al., 2001b).  The Wilhelmy plate method was used to measure the 
contact angles of the soils (Bachmann et al., 2003).  Approximately 17 mL kg-1 and 48 mL 
kg-1 of DCDMS were added to the Hanlon sand and Ida silt loam, respectively.  These 
amounts were determined by adding four different amounts of DCDMS to the air-dried soils 
at which it was determined that no further increase in the contact angles could be measured.  
The contact angles of the hydrophobic soils were approximately 130o. 
Application of DCDMS to hydrophobize soil increases the soil solution concentration 
and the soil electrical conductivity (Davis et al., 2009; Ju et al., 2008; & Goebel et al., 2007).  
To reduce soil electrical conductivity, the hydrophobized soils were rinsed with distilled 
water and allowed to air-dry.  KCl solutions of 1.5 and 4.5 molal were then added to the 
wettable and hydrophobic sand and silt loam soils, respectively, until the desired water 
contents were obtained.  For the coupled heat and water transfer experiments, the initial soil 
volumetric water contents (θi) for the sand and silt loam were 0.08 and 0.10m3 m-3, 
respectively.  These θi were selected to allow comparison of the results obtained in this study 
to results obtained from previous experiments that had similar initial and boundary 
conditions (Heitman et al., 2007).  The wettable and hydrophobic soils were then packed into 
soil cells in 2-cm depth increments to achieve uniform bulk densities of 1.2 Mg m-3 and 1.6 
Mg m-3 for the silt loam and sand, respectively. 
Soil Cells 
The soil cells used in this study were developed by Zhou et al. (2006), and were 
identical to the cells used by Heitman et al. (2007).  Four soil cells were used in this study to 
represent the two conditions (salinized wettable and salinized hydrophobic) for the two soil 
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materials (Ida silt loam and Hanlon sand).  Each was composed of a smaller inner column 
(10 cm length, 8.9 cm inside diameter) that was surrounded by a larger outer column  
(10 cm length, 20.2 cm inside diameter).  The columns were made of 40-schedule polyvinyl 
chloride pipe.  Both the inner and outer columns of each cell were packed with the same soil 
material, bulk density, θi, and soil solution electrical conductivity.  The outer column served 
as a layer of insulation while the inner column served as the control volume on which 
measurements were made. A layer of Reflectix (Reflectix Corp., Markleville, IN) bubble 
insulation and an additional layer of fiberglass pipe insulation (3.8 cm thickness) were 
wrapped around the outer column to limit ambient temperature interference.   
Spiral circulation heat exchangers were positioned at the top and bottom of the soil 
cells to provide one-dimensional temperature boundaries.  The heat exchangers consisted of a 
spiral loop configuration for the circulation of fluid and Cu heat exchanger plates (0.5 mm 
thickness) enclosed by plexiglas (Zhou et al., 2006).  Circulating water from water baths 
(Programmable Digital Circulator, Model 9512, PolyScience, Niles, IL) were used to control 
the temperature of the heat exchangers. The assembled cells were placed in a temperature-
regulated room with the room temperature set at 22.5oC.  
Soil Thermal Property Estimation 
Thermo-time domain reflectometry, T-TDR, sensors were positioned at depths of 1.5, 
2.5, 3.5, 5, 6.5, 7.5, and 8.5 cm within the inner soil cells to make temperature, soil thermal 
property, soil volumetric water content (θ), and soil bulk electrical conductivity (σb) 
measurements (Fig. 1).  The T-TDR sensors were based on the design of Ren et al. (2003) 
and identical to those used by Heitman et al. (2007).  The sensors consisted of three sensor 
needles, a middle sensor needle that contained a resistance heater (resistance = 533 Ω m-1) 
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for the heat pulse method and two outer temperature sensing needles.  All needles were 
positioned in a parallel position in an epoxy body.  The outer needles contained 40-gauge 
Type E (chromel-constantan) thermocouples to measure temperature.  The center conductor 
of a coaxial cable was soldered to the center needle and the shield of the coaxial cable was 
soldered to the two outer needles. 
T-TDR sensors were installed on alternate sides of the soil cells by pushing the 
needles into the soil through ports on the inner soil cells.  The sensor leads were then routed 
through the outer soil cells for connection to the data acquisition system. Once the T-TDR 
sensors were installed in the inner soil cells and routed through the outer cells, the outer cells 
were packed in 2-cm increments to match the bulk density of the inner soil cells.  The 
thermocouples of the outer sensing needles were connected to a datalogger (Model CR23X, 
Campbell Scientific, Logan UT) by a multiplexer (AM 16/32, Campbell Scientific). 
Temperature measurements were made every 1 h with the thermocouples of the outer 
temperature sensing needles.  Heat pulse measurements were made every 4 h. Heat pulse 
measurements were made using the thermocouples of the two outer temperature sensing 
needles and a heater-control relay circuit connected to the resistance heater of the middle 
sensor needle. The heaters of the T-TDR sensors were multiplexed using an AM416 
multiplexer (Campbell Scientific). The heater-control relay circuit was composed of a 12-V 
DC power supply controlled by a relay with the datalogger, and a 1-Ω precision resistor.    A 
100-s sequence was used to make heat pulse measurements. The sequence consisted of 6 s of 
monitoring background temperature followed by an 8 s heat pulse generated by a constant 
current applied from the power supply to the resistance heater of the middle sensor needle.  
The datalogger was used to measure temperature as a function of time at the two outer 
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sensing needles during the 100 s sequence and the voltage drop across the reference resistor.  
The apparent distance between the middle sensor needle containing the resistance heater and 
the two outer temperature sensing needles was determined by calibrating the T-TDR sensor 
in agar stabilized water (6 g L-1) (Ochsner et al., 2003).  The HPC code of Welch et al. 
(1996) was used to analyze the temperature response curves and to calculate the soil thermal 
properties: volumetric heat capacity (C, J m-1 oC-1), thermal diffusivity (m2 s-1), and thermal 
conductivity (λ, W m-1 C-1).   
Soil Water Content and Soil Bulk Electrical Conductivity Estimation 
Estimates of the soil volumetric heat capacity (C) obtained from soil thermal property 
measurements by the heat pulse method were used to provide estimates of Δθ (change in soil 
volumetric water content) and θ (soil volumetric water content) based on the Δθ approach of 
Bristow et al. (1993) and used by Heitman et al. (2007) 
                                             ∆𝜃 = (!!!!!)!!                                                    [1] 
                                              𝜃 =  𝜃! + ∆𝜃                                                [2] 
where the subscripts Ci, Cj, and Cw  refer to the initial heat pulse determination of volumetric 
heat capacity, the jth reading taken at a later time, and the volumetric heat capacity of water, 
respectively. 
The TDR function the T-TDR probes was used to measure θ and soil bulk electrical 
conductivity (σb).  TDR measurements of θ and σb were made for the first five days after the 
temperature gradient was imposed and then once every five days thereafter.  TDR 
measurements were made using a Tektronix 1502C cable tester (Tektronix Inc., Beaverton, 
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OR).  The WinTDR software package (Or et al., 1998) was used for waveform collection and 
analysis.  Measurements in air and distilled water, as outlined by Ren et al. (2005), were used 
to determine the apparent length (La) of the T-TDR probes.  The relative dielectric 
permittivity (Ka) was determined according to 
                                                  𝐾! = !!!!!!!                                                  [3] 
where L1 and L2 are the initial and ending reflections of the waveform.  The Topp equation 
(Topp et al., 1980) was applied to estimate θ with the TDR method: 
                  𝜃 = −5.3×10!! + 2.92×10!!𝐾! − 5.5×10!!𝐾!! + 4.3×10!!𝐾!!      [4]                  
The soil bulk electrical conductivity (σb) was calculated from  
                                                  𝜎! = !!!"!#$                                                 [5] 
where K is the geometric constant of the probe (m-1), Rtotal is the total resistance of the cable 
tester, coaxial cable, and probe.                                                                           𝑅!"!#$ = 𝑍! !!!!!!!!                                      [6] 
Zu is the characteristic impedance, of the cable (Ω), and ρ∞ is the reflection coefficient after 
all possible reflections of the voltage pulse have taken place.  The geometric constant, K, of 
the T-TDR probe was estimated by immersing the probe in a series of 10 KCl solutions 
(Heimovaara et al., 1995).  Once the probes were inserted into the solutions TDR waveforms 
were collected with the cable tester.  The TDR waveforms were then analyzed using 
WinTDR to determine the total resistance.  Meanwhile, at the same time the electrical 
conductivity of the KCl solutions were measured with an electrical conductivity meter (HI 
4522, Hanna Instruments, Woonsocket, RI).  K was determined by regression of the electrical 
conductivity of the KCl solutions measured by the electrical conductivity meter vs. Rtotal.   
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Temperature Boundary Conditions 
 A series of one-dimensional temperature boundary conditions was simultaneously 
imposed on the four soil columns.  The series consisted of two temperature gradients each 
with a mean temperature of 30oC.  The duration of each temperature gradient varied.  The 
first temperature gradient, 150oC m-1, was applied for 25 days.  The reverse temperature 
gradient, -150oC m-1, was applied for 35 days.   
End of Experiment Sampling 
 Final heat pulse and TDR measurements were collected immediately before the 
disassembly of the soil cells at the conclusion of the reverse temperature boundary condition.  
The soil cells were then disassembled and the inner soil cell was sectioned into 1-cm depth 
increments.  A subsample of the soil from the 1-cm depth increment was obtained to 
determine the total soil water potential (ΨT) using a WP-4 DewPoint Potentiometer (Decagon 
Co., Pullman, WA).  The remaining soil from each 1-cm depth increment was weighed, oven 
dried at 105oC for 24 h, and reweighed to determine θ.  Soil solution electrical conductivity 
was estimated from 1:1 soil water extracts.  A multiple regression model was used to provide 
estimates of the transient soil solution electrical conductivity using the σb and θ 
measurements.  Transient salt concentrations in response to the temperature boundary 
conditions were estimated from the soil solution electrical conductivities.  
 
RESULTS AND DISCUSSION 
Gravimetric Water Contents and Total Soil Water Potential 
Gravimetric measurements of θ, soil water potential (Ψ), and the electrical 
conductivity of a 1:1 soil water extract were obtained for sectioned soil columns at the 
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conclusion of the thermal gradient experiment.  Figure 1 shows the gravimetric θ and Ψ 
distributions of the soil columns. All soils showed a decrease in θ and Ψ from the top 
boundary (cool) to the lower boundary (warm) of the soil cells.  For the wettable silt loam, 
wettable sand, and hydrophobic sand, large changes in Ψ were associated with small changes 
in θ.  In the hydrophobic silt loam θ and Ψ showed a gradual decrease with depth from 0 to 3 
cm from the top of the soil cell and both remained somewhat constant from 4 to 10 cm below 
the top of the soil cell.  
   Regression analyses of θ obtained from T-TDR measurements vs. gravimetric θ are 
displayed in Fig. 2.  For the wettable silt loam, wettable sand, and hydrophobic sand, θ was 
estimated using the TDR method of the T-TDR sensor.  The heat-pulse function was used to 
estimate θ for the hydrophobic silt loam.  The RMSE for both the TDR and heat-pulse 
estimated θ was less than 0.02 m3 m-3.  Similar regression relationships and RMSE estimates 
have been observed in other studies using either the heat-pulse or TDR method of the T-TDR 
sensors to estimate θ (Ren et al., 2005; Heitman et al., 2007).   
Steady-State Soil Temperature Distributions 
 The steady-state temperature distributions for all of the soil cells obtained on day 25 
of the 150 and reverse -150oC m-1 temperature gradients are shown in Fig. 3.  During the 
150oC m-1 temperature gradient quasi-steady state temperatures were obtained within seven 
days for all of the soil cells.  All of the soil cells showed a non-linear decrease in soil 
temperature from the warm to the cold end of the soil cells.  Concavity was present in the 
temperature distributions of all the soils during the 150oC m-1.  Concave temperature 
distributions are expected when soil thermal conductivity (λ) is dependent on soil moisture 
(Prunty and Horton, 1994).  Concavity was most noticeable in the temperature distributions 
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of the sand soils when compared to the silt loam soils.  In the temperature distributions of the 
wettable silt loam and hydrophobic silt loam, concavity extended from 2.5 to 8.5 cm and 1.5 
to 7.5 from the warm end of the soil cells, respectively (Fig. 3a and 3c).  Concavity extended 
from 1.5 to 7.5 cm from the warm end of the soil cells for both the wettable sand and 
hydrophobic sand (Fig. 3b and 3d).  The concave temperature distributions of the soils 
indicated the absence of ambient temperature interference, and one-dimensional temperature 
gradients were maintained within the soil cells.   The increased concavity in the temperature 
distributions of the sand soils when compared to the temperature distributions of the silt loam 
soils indicated less uniform λ distributions within the sand soils.  These non-uniform λ 
distributions within the soil columns are associated with changing θ as water redistributed 
within the soil columns in response to the imposed temperature gradient (Heitman et al., 
2007).  The reversed -150oC m-1, temperature gradient was imposed for 35 days.  The 
temperature distributions displayed for the soils during the -150oC m-1 temperature gradient 
was obtained on Day 25 after the temperature gradient was applied.  Concavity was also 
noticeable in the temperature distributions obtained for all of the soils, thus indicating the 
existence of non-uniform soil thermal properties associated with changing θ in response to 
the imposed temperature gradient.   
Soil Thermal Conductivity Distributions 
Figure 4 shows the steady-state soil thermal conductivity (λ) distributions for all of 
the soils. Soil thermal conductivity (λ) distributions obtained on day 25 during the initial 150 
and the reverse -150oC m-1 temperature gradients are shown for the silt loam soils.  Soil 
thermal conductivity (λ ) distributions were not obtained for the sand soils during the reverse 
-150oC m-1 temperature gradient due to problems associated with the multiplexer of the data 
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acquisition system.  Therefore, only λ distributions obtained during the 150oC m-1 
temperature gradient are shown for the sand soils.  The range of the λ distributions obtained 
for the salinized wettable silt loam and salinized hydrophobic silt loams during the 150oC m-1 
temperature gradient (Fig. 4a and 4c) were similar. The λ distributions for the wettable silt 
loam and hydrophobic silt loam soils had smaller ranges than the thermal conductivity 
distributions for the wettable and hydrophobic sand soils (Fig. 4b and 4d).  For both, the 
wettable silt loam and hydrophobic silt loam, the mean λ at day 25 was 0.33 W m-1 oC-1.  The 
λ distribution ranged from 0.25 – 0.44 W m-1 oC-1 and 0.27 – 0.50 W m-1 oC-1 for the wettable 
silt loam and hydrophobic silt loam, respectively.  The mean λ at day 25 for the wettable 
sand and hydrophobic sand was 0.86 and 0.78 W m-1 oC-1, respectively.  The day 25 λ 
distributions in the wettable and hydrophobic sand columns ranged from 0.61 – 1.2 W m-1 
oC-1 and 0.40 – 1.00 W m-1 oC-1, respectively.    
  The steady-state λ distributions obtained for the wettable and hydrophobic silt loam 
soils during the reverse -150oC m-1 temperature gradient indicated a complete reversal of 
values with depth when compared to their respective λ distributions obtained during the 
initial 150oC m-1 gradient. The non-uniform λ distributions obtained for both of the silt loam 
soils during the 150 and -150oC m-1 temperature gradients and the sand during the 150oC m-1 
temperature gradient indicated the existence of non-uniform soil moisture distributions 
within the soil columns due to changing water contents as water redistributed within the soil 
columns in response to the imposed temperature gradients.   
Soil Moisture and Salt Content Distributions 
Figure 5 shows the steady-state soil volumetric water content (θ) distributions 
obtained on day 25 during the initial 150 and during the reverse -150oC m-1 temperature 
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gradients for all of the soils.  The θ-distributions obtained during the 150oC m-1 gradient 
indicated that water vapor moved from the warm end (top) to the cold end (bottom) of the 
soil cells for the wettable and hydrophobic soils.  The θ-distribution for the wettable silt loam 
displays a gradual increase in water content from the warm to the cold end of the column 
(Fig. 5a).  In the hydrophobic silt loam column, θ increases gradually from 0 to 6.5 cm from 
the warm end and increases abruptly at 7.5 cm from the warm end (Fig. 5c).  Both the 
wettable sand and hydrophobic sand soils displayed similar θ distributions from 1.5 to 6.5 cm 
from the warm end of the columns (Fig. 5b and 5d).  Both soils also showed a significant 
increase in θ at 7.5 to 8.5 cm from the warm ends of the soils columns.  For the reverse          
-150oC m-1 temperature gradient, the day 25 θ distributions showed a shift in soil moisture 
toward the cold end of the soil cells (top of the soil cells; formerly warm end) from the warm 
end of the soil (bottom of soil cell; formerly cool end).  The relative changes in the steady-
state θ distributions obtained during the 150 and -150oC m-1 temperature gradients illustrate 
the effect of non-isothermal conditions on soil moisture redistribution.     
 Net water transfer was estimated using the steady-state θ distributions obtained during 
the initial 150oC m-1 temperature gradient.   The steady-state θ distributions obtained during 
the 150oC m-1 temperature gradient in the current study allowed for comparison of soil 
moisture redistribution in salinized wettable and hydrophobic soils to soil moisture 
redistribution in non-salinized wettable and hydrophobic soils from a previous study (Davis 
et al., 2012).   Soil moisture redistribution in a non-salinized hydrophobic silt loam soil was 
reduced when compared to that in a wettable non-salinized silt loam.  Net water transfer from 
the warm to the cold end of the hydrophobic non-salinized silt loam was reduced by 56% 
when compared to the wettable non-salinized silt loam. In the salinized hydrophobic silt loam 
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and salinized wettable silt loam in this study, net water transfer was reduced by 68% and 
72%, respectively, when compared to the non-salinized wettable silt loam.  These reductions 
in net water transfer indicated that water vapor transfer from the warm to the cold regions of 
the salinized wettable silt loam and salinized hydrophobic silt loam were less than that in the 
non-salinized wettable silt loam soil column.  Others have also observed reductions in water 
vapor transfer in salinized soils when compared to non-salinized soils (Gran et al., 2011; 
Nassar et al., 1992).  Nassar and Horton (1989 a) noted that as water vapor moved from the 
warm region of a salinized soil column and condensed in the cold region of the soil column, 
solute concentration decreased in the cold region and increased in the warm region.  The 
solute gradient changed the osmotic potential in opposite direction to the vapor density and 
caused a reduction in the vapor density gradient, resulting in a reduction in water vapor 
transfer. 
Figure 6 shows the salt content distributuions estimated from the soil electrical 
conductivity measurements for the wettable and hydrophobic soils.  Distributions were 
estimated on day 25 of the initial 150 and reverse -150oC m-1 temperature gradients.  The salt 
content distributions obtained for the wettable silt loam and hydrophobic silt loam during the 
150oC temperature gradient showed that the salt content remained relatively constant from 
1.5 to 6.5 cm from the top of the column and then decreased at deeper depths.  Salt content 
distributions obtained during the reverse -150oC m-1 temperature gradient for the wettable silt 
loam and hydrophobic silt loam, showed a decrease in the salt content at 1.5 cm from the top 
of the soil cells and a nearly uniform distribution from 2.5 to 8.5 cm from the top of the soil 
cells.  The salt content distributions of the hydrophobic sand showed a slight decrease in the 
salt content near the cold end of the soil cells and then remained relatively constant with 
71 
 
depth during both the initial 150 and reversed -150oC m-1 temperature gradients.  Noticeable 
redistribution of salt occurred in the wettable sand during the initial 150 and reversed -150oC 
m-1 temperature gradients.  The wettable sand showed an accumulation of salt near the warm 
end of the soil cells indicating significant salt redistribution in response to the temperature 
gradients.  
The salt content distributions revealed not only evidence of solute movement in soil 
but also provided details regarding the mechanisms of water transfer under non-isothermal 
conditions.  Nassar and Horton (1989a) noted that an accumulation of salt towards the warm 
end of a salinized soil column is indicative of solute transport by liquid water flow from the 
cold to the warm end of the soil column.  The salt content distributions of the wettable silt 
loam, hydrophobic silt loam, and hydrophobic sand soils obtained during the initial 150 and 
the reverse -150oC m-1 temperature gradients indicated that the liquid water fluxes in these 
soils were small when compared to those observed in the wettable sand.  The reduction in the 
liquid water flux in the silt loam soils and hydrophobic sand restricted the accumulation of 
salts near the warm end of the soil cells.  Differences in salt accumulation near the warm end 
of the wettable sand and the hydrophobic sand soils indicated the retardation of liquid water 
transfer due to soil repellency in the hydrophobic sand soil.  Because salt accumulation near 
the warm end of the silt loam soil cells and hydrophobic sand soil cell was small during the 
initial 150 and the reverse -150oC m-1 temperature gradients, it could be inferred that soil 
water redistribution under non-isothermal conditions occurred primarily in the vapor phase.  
Whereas, in the wettable sand soil moisture redistribution occurred in both the liquid and 
vapor pahse. 
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CONCLUSIONS 
The combined effects of soil wettability and soil salinity on coupled heat and mass 
transfer in closed, instrumented soil columns were studied using salinized wettable and 
salinized hydrophobic soils.  Two constant temperature boundary conditions were 
sequentially applied to the soils.  When the thermal gradients were imposed, non-linear 
temperature distributions were observed.  The non-uniform temperature distributions were 
associated with changing soil thermal conductivity distributions as soil moisture redistributed 
in response to thermal gradients.  Observations of the soil thermal conductivity distributions 
revealed changes in soil thermal conductivity as soil volumetric water contents changed due 
to soil moisture redistribution in response to imposed temperature gradients.  Soil volumetric 
water content distributions showed net water movement from the warm end to the cold end 
of the soil columns in response to soil temperature gradients.  Salt content distributions 
showed that little salt movement occurred in the wettable silt loam, hydrophobic silt loam, 
and hydrophobic sand under the imposed temperature boundary conditions.  However, in the 
wettable sand the salt content distributions showed an accumulation of salt near the warm 
end of the soil cells.  Measurements of the salt content distributions in the soils were used to 
determine the primary mechanisms of water transfer in the soils.  For the wettable silt loam, 
hydrophobic silt loam, and hydrophobic sand water transfer occurred primarily in the vapor 
phase.  The accumulation of salt near the warm end of the wettable sand soil cell indicated 
that water vapor transport occurred from the warm end to the cold end of the soil cell and 
solute was transported by liquid water movement from the cold end to the warm end of the 
wettable sand soil cell.  The results of this study show that soil moisture redistribution in 
salinized soils is controlled by the interaction of thermal and water potential gradients. 
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Fig. 1.  Gravimetric water content and WP-4 measured soil water potentials obtained from 1-
cm increment sampling at the end of the experiment: (a) wettable silt loam (WSL); (b) 
wettable sand (WSD); (c) hydrophobic silt loam (HSL); (d) hydrophobic sand (HSD). 
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Fig. 2.  Regression of T-TDR (heat pulse or TDR) estimated soil volumetric water contents 
vs. gravimetric water contents:  (a) wettable silt loam (WSL); (b) wettable sand (WSD); (c) 
hydrophobic silt loam (HSL); (d) hydrophobic sand (HSD). 
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Fig. 3.  Initial 150 and reverse -150oC m-1 temperature gradient soil temperature distributions 
obtained on day 25 of each gradient:  (a) wettable silt loam (WSL); (b) wettable sand (WSD); 
(c) hydrophobic silt loam (HSL); (d) hydrophobic sand (HSD).  The dotted line represents a 
linear temperature distribution. 
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Fig. 4.  Initial 150 and reverse -150oC m-1 temperature gradient soil thermal conductivity 
distributions obtained on day 25 of each gradient:  (a) wettable silt loam (WSL); (b) wettable 
sand (WSD); (c) hydrophobic silt loam (HSL); (d) hydrophobic sand (HSD). 
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Fig. 5.  Initial 150 and reverse -150oC m-1 temperature gradient steady-state soil volumetric 
water content distributions obtained on day 25 of each gradient:  (a) wettable silt loam 
(WSL); (b) wettable sand (WSD); (c) hydrophobic silt loam (HSL); (d) hydrophobic sand 
(HSD). 
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Fig. 6.  Initial 150 and reverse -150oC m-1 temperature gradient steady-state salt content 
distributions obtained on day 25 of each gradient:  a) wettable silt loam (WSL); (b) wettable 
sand (WSD); (c) hydrophobic silt loam (HSL); (d) hydrophobic sand (HSD). 
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CHAPTER 5.  GENERAL CONCLUSIONS 
The overall purpose of this dissertation was to gain an improved understanding of the 
effects soil wettability and soil salinity on soil water retention and coupled heat, water, and 
solute transfer in soil. With this purpose three controlled laboratory experiments were 
conducted.   
The first study, Chapter 2 considered the effect of soil wettability on soil water 
retention including hysteresis at the dry end of the soil water retention curve for two wettable 
soils and their hydrophobized counterparts.  Vapor equilibration over salt solutions of known 
osmotic potential was used to measure the soil water retention curves.  Hysteresis was found 
to exist in both the wettable and hydrophobic soil.  However, hysteresis was most 
pronounced in the water retention curves of the hydrophilic soils in the water potential range 
of -2.3 to -19.2 MPa.  Soil water retention in relatively dry soil was found to be affected by 
soil wettability.  Soil wettability and hysteresis need to be considered when studying water 
sorption and desorption in relatively dry soil. These were the first measurements of hysteresis 
in relatively dry, hydrophobic soils. 
 Chapter 3 considered the effect of soil wettability on coupled heat and water transfer 
in response to thermal gradients. In this study two wettable soils and their hydrophobic 
counterparts were investigated.  Experiments were conducted using closed, insulated, soil 
cells instrumented with thermo-time domain reflectometry probes to obtain in-situ 
measurements of temperature, soil volumetric water content, and soil thermal conductivity.  
Soil moisture redistribution in response to the imposed thermal gradients influenced 
temperature and soil thermal conductivity distributions in all of the soils.  Δθ distributions 
obtained at steady-state showed soil moisture redistribution was similar in the wettable and 
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hydrophobic sands.  Net water transfer was reduced in the hydrophobic silt loam.  These 
measurements indicated that soil moisture redistribution in response to thermal gradients was 
reduced in a hydrophobic silt loam when compared to a wettable silt loam.  This indicated 
that water vapor transfer was reduced in the hydrophobic silt loam. 
Chapter 4 examined the combined effects of soil wettability and soil salinity on 
coupled heat and mass transfer in soil.  Two salinized wettable soils, sand and silt loam, and 
their salinized hydrophobic sand and silt loam counterparts were investigated. Experiments 
were conducted using closed, insulated, soil cells instrumented with thermo-time domain 
reflectometry probes (T-TDR) to provide in-situ measurements of temperature, soil 
volumetric water content (θ), and soil thermal conductivity (λ).  Soil temperature and soil 
thermal conductivity distributions were influenced by soil moisture redistribution in response 
to the imposed temperature gradients.  Soil volumetric water content distributions showed 
water moved from the warm regions to the cold regions of the soil columns.  Significant salt 
accumulation occurred near the warm end of the wettable sand soil cell during both 
temperature gradients when compared to the hydrophobic sand, wettable silt loam, and 
hydrophobic silt loam.  The accumulation of salt near the warm end of the wettable sand soil 
cell provided evidence of liquid water flow.  In the wettable sand liquid water flow and vapor 
flow contributed to soil moisture redistribution under non-isothermal conditions.  Soil 
moisture redistribution in response to the imposed temperature gradients occurred primarily 
in the vapor phase in the hydrophobic sand, wettable silt loam, and hydrophobic silt loam.  
These results show the interaction of thermal and water potential gradients in controlling 
liquid and water vapor transport in salinized soils. 
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Future Research 
 The work contained within this dissertation provides some insight on the effect of soil 
wettability on coupled heat and mass transfer in soil. However, this work must be considered 
a first step in understanding the effect of soil wettability on coupled heat and mass transfer in 
soil.  Future work should consider the effect of soil wettability on coupled heat and mass 
transfer in soil under various initial and boundary conditions.  This is critical as soil moisture 
redistribution in hydrophobic soils and wettable soils can be influenced by the initial soil 
volumetric water content.  Also experiments must consider soils with mixed wettabilities or 
non-uniform soils as this will more closely resemble water repellent soils found in natural 
settings.  Theory must also be improved to describe coupled heat and water transfer 
dynamics in hydrophobic soils.  Currently, theory assumes that the soil is perfectly wettable.  
Lastly, measurements of heat and water transfer in water repellent soils must extend beyond 
the laboratory into the field where soil repellency can vary. 
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